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Abstract 



cr^ . We perform a model independent analysis so as to constrain the leptoquark (LQ) models 

! from negative searches for /i — 67, /x — 3e decays (and analogous processes in the r sector), 

^ I and coherent fi — e conversion in nuclei. We considerably improve some constraints obtained by 

0^ ' analyses known in the literature, analyses which we show have by far underestimated the LQ 

^ ■ contributions to the fj. — > 3e. In particular we find that the coherent /i — e conversion in nuclei 

'" p . mediated by the photon-conversion mechanism and the /i — > 3e decay are golden plates where 

^ ', the flavor changing leptoquark couplings, involving the second and third quark generations, 

D I can be strongly constrained. This is due to the fact that these processes get the enhancements 

' by large log{m'^/m'j^Q) terms which are induced by the so-called "photon-penguin" diagrams. 

^ ■ These enhancements, which produce a mild GIM suppression in the amplitudes, have not been 

^ . taken into account in the previous analyses. We show that the fi cy decay can set weaker 

^ ! constraints on the LQ models and this is because its amplitude is strongly GIM suppressed by 

■ ■ ' the terms of order ©(mg/mlg). We also present the results for the corresponding constraints 
in the r sector. Finally the prospects of the future muon experiments for the improvement of 
the present bounds are analyzed and discussed. 
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1 Introduction 



The leptoquark (LQ) color triplet bosons, predicted by the grand unified theories super- 
strings inspired Eq models 0-0, the compositeness [^, and the technicolor models have 
been the subject of numerous phenomenological investigations. The main direct experimental 
searches for LQs investigate their production in the s-channel 0, [^], these searches are carried 
out at the e-p collider HERA at DESY 0-0- On the other hand, the indirect searches of LQs 
consist mainly in analyzing the anomalous effects induced by the LQ interactions in the deep 
inelastic scatterings as well as in the low energy processes |p|-||TO|. 

Recently there has been a renewed interest in the subject [|rT| due to the high anomalous 



events observed in the HI [0 and ZEUS |]13[ experiments at HERA, although subsequent 



analyses of new data have shown a less significant discrepancy with the standard model (SM) 
predictions [|14 . 



In the literature predictions are given for the existence of two types of LQs: the 

scalar and vectorial ones. In the present article we perform a model-independent study of the 
LQs, and, in particular, we restrict ourselves to the most general renormalizable interactions, 
which conserve the barion (B) and lepton (L) number, and which are compatible with the SM 
symmetries 0. Therefore, in the case of vectorial LQs, we consider only the gauge- vectorial 
ones. From a theoretical point of view there is no reason to believe that the quark-lepton 
couplings, mediated by LQ interactions, are simultaneously diagonalizable with the quark and 
lepton mass matrices. As a consequence, both scalar and vectorial LQs can generate, when 
integrated out, effective fiavor changing (FC) interactions between quarks and leptons of the 



form m- 10 



(g VV) (r7.P'r) , and/or, ^^4^ (q^py) (i-p^r) (i) 

where rriLQ indicates the LQ mass and the chiral projectors P'^ and of the quarks and lepton, 
resp., can be left {Pl = (1 — 75)/2) or right (Pr = (1-|- 75)72). Since these effective interactions 
can be generated even at tree-level, strong constraints on the LQ couplings A^q and masses can 
be set by the flavor changing neutral current (FCNC) processes. In particular strong constraints 
on LQ models are obtained by means of the rare FC K, D, and B meson decays 0-0] as well 
as in the leptonic sector [|10|. In this framework in Ref.|T^ a model-independent analysis was 
performed to constrain the masses and couplings of the LQs {B and L conserving). 
In the present article we carry out a detailed analysis of the LQ contributions to the /i and 
r leptonic rare processes. Since we do not consider the CP violating processes where the 
imaginary parts of A^g couplings are better constrained, we assume, as in Ref.[|T^], that all the 
couplings A^Q are real. In addition we require that all the couplings A^g should be unitaryQ 

^ Note, however, that unitary LQ couphngs can naturally appear in some "minimal" models where the LQ 
interactions are assumed to be universal (in flavor) in the basis of the quark and lepton SM gauge-eigenstates. 
This is for example the case of the gauge-vectorial LQs which appear in the gauge multiplet of the standard 
GUT theories M. Then, after rotating the quark and lepton fields into the corresponding mass-eigenstates. 
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in both vector and scalar LQ sectors. This last assumption will give us conservative limits. 
Indeed the unitarity of the LQ couplings makes active a GIM-type mechanism in some FCNC 
processes, such as for example /i 67, r — >■ 67 decay, K — K, ot B — B mixing, which naturally 
suppresses the potentially large LQ contributions. We recall that the limits obtained in Ref. [p!0| 



(from /X — i> 67 or r — i> 67) in the scalar sector are less conservative than ours since the authors 



of Ref.|10] assumed unitary couplings only in the gauge- vectorial sector. 



Within the class of interesting processes, used to constrain the LQ models in the leptonic 
sector, a special role is played by the rare FC violating decays — 67 and /i~ e~e~e+ 
(/i — ^ 3e) [|10| and analogous processes in the r sector, and the coherent /i — e conversion in nu- 
clei [[l^-pll (in the following for the /i— e conversion we always mean the coherent process). The 
last of these processes is used to set the strongest constraints on the combination AlgA^g/mlg 
for both the vectorial and scalar LQs which involve the first generation of quarks, since, in 
this case, the effective Hamiltonian is induced at tree-level. On the contrary the /i — 67 and 
fi 3e decays, which are induced at one-loop, allow to constrain the complementary combi- 
nations on couplings and masses involving the second and third generation of quarks, namely 
■^'lq'^lq/^lq \/^lq^lq/''^'lq^ where i = 2,3. In this respect the authors of Ref. [p!0| found 



that the radiative muon decay /i — >• 67 is better than fi ^ 3e process in setting stronger bounds 
on these combination of couplings. 

One of the aims of this paper is to show that the conclusions of Ref.[|lO| do not hold when 
the unitarity of the LQ couplings is required in both scalar and vectorial LQ sectors and the 
dominant diagrams (not included in Ref . UTOj ) are taken into account in the — 3e decay. 
At 1-loop level the LQs give contributions to the /i — > 67 decay by means of the so called 
magnetic-penguin diagrams shown in Fig. [Id-e] . In Ref. ||10| it is found that the /i — 67 ampli- 



tude, mediated by scalar LQs (which couple to the external leptons with the same chirality), 
is enhanced with respect to the one corresponding to the gauge-vectorial LQs, since these last 
ones are strongly GIM suppressed by terms of order Trig/nrf^Q (where is the typical quark 
mass running in the loop). As a consequence they show that the scalar LQ couplings and 
masses are more strongly constrained than the corresponding vectorial ones. 
In the present work we prove that, when the unitarity for the LQ couplings is extended to 
the scalar sector, the scalar LQ contribution to the /i — 67 decay's amplitude is significantly 
suppressed by the GIM mechanism so that it turns out to be of the same order of the gauge- 
vectorial one. This in particular implies that the constraints on scalar LQ couplings, which we 



find coming from the /i — > 67 decay, are weaker than the corresponding ones given in Ref. |T0| 
and are roughly of the same order of the gauge-vectorial ones. 

In addition we find that in Ref.[|10| the main diagrams contribution to the /i ^ 3e decay has 
been underestimated. The main purpose of this paper, however, is to show that the — > 3e 
process is more powerful than the /i — 67 one in setting strong bounds on mass and couplings of 
scalar and gauge-vectorial LQs. (We will see that similar considerations hold for the analogous 
decays in the r sector). This result can be simply understood as follows. The main diagrams 
contribution to the — > 3e decay derives from the so called photon-penguins (see Fig.[la-b]) 

unitary flavor-changing LQ couplings should appear in the interactions in Eq.(|^) being proportional to the 
products of the (unitary) diagonalization-matrices of the quark and lepton mass matrices. 
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which were not taken into account in Ref.|TO|. In the large LQ mass (rriLQ) hmit (with respect 
to the quark mass m^) the photon-penguins, since they are proportional to log{mq/mLQ), are 
only "mildly" GIM suppressed (instead of being "strongly" GIM suppressed as the box and 
Z-penguin diagrams contributions are). This means that to have an extra electromagnetic cou- 
phng a in the /i — 3e rate (with respect to the /i — 67 one) is a more convenient price to pay 
than the price of the 0{mg/mj^Q) suppression in the /i — 67 rate in setting stronger bounds. 
These log enhancements in /i — 3e were known in literature for certain models (and more 
recently analized in the context of effective theories ||16||), however they were not applied in 
this context. In fact the authors of Ref.]!^, in order to simplify the analysis, only consider the 
box-diagrams contribution to the /i — > 3e decay (which are of the order 0{Xj^Qm'^/mj^Q)) and 
this resulted in underestimating the branching ratio. 



The photon-penguin diagrams also give a relevant contribution to the /i — e conversion in 
nuclei via the photon-conversion mechanism. The log enhancement of these diagrams 

will enable us to show that the /i — e conversion in nuclei is another golden-plate process which 
sets strong bounds for LQ couplings involving the second and third quark generations. These 
bounds could turn out to be more competitive than the corresponding ones obtained from the 
/i ^ 3e process. However we stress that the bounds from the /x — e conversion suffer the problem 
of being model dependent due to the non-perturbative calculations of the nuclear form factors, 
while the bounds coming from the /i — 3e decay are not. 

The interesting aspects of the photon-penguin diagrams, which give universal contributions to 
the /i — >■ 3e and /i — e conversion processes, is that these log enhancements appear in both the 
scalar and vectorial LQ exchanges which have the same chirality couplings with the external 
leptons. We shall see that this property enables us to set strong bounds in both the scalar and 
vectorial LQ sectors. 

The same considerations regarding the log enhancements hold for the r — > 3e, r ^ 3yU, r — ^ 
e/i+/i~, and r — >• /ie+e~ processes. However, due to a weaker experimental upper limits on the 
branching ratios, the constraints on the LQ couplings and masses, which come from these rare 
processes, are not as strong as they are in the fi sector. 

The paper is organized as follows. In section [2] we present the analytical results for the LQ 
contributions (in the large LQ mass limit) to the branching ratios of yU 67 and in section [3] we 
give the corresponding results for /i ^ 3e decay and fi — e conversion. In section [4] we present 
the numerical results for bounds on the combination of LQ couplings and masses constrained 
by the experimental upper limits on /i — 67, /x — 3e decay (and analogous processes in the r 
sector), and the /x — e conversion. Finally the last section is devoted to our conclusions. 



2 /i ^ 67 decay 

In the present section we give the main results for the relevant LQ contributions to the total 
branching ratio of /x — ej. We begin our analysis by fixing the conventions for the most general 
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renormalizable lagrangian for scalar and gauge-vectorial LQ interactions (from now on, if not 
strictly necessary, we will omit the suffix gauge in the vectorial LQ). This lagrangian, which is 
B and L conserving and invariant under the SU{3)c ® SU{2)l ® U{1) symmetry group of the 
SM, was first proposed in Ref.0. Its expression, in the notation of Ref.|p.O||, is given by 



+ {XLs,ql^r2TlL)Sl} + h.c., 

+ (\LvALl,rHL)vf^] + h.c., (2) 

where £5 and £y contain the interactions with the scalar (S'o, S'o, S1/2, S1/2 S\) and vectorial 
(Vq*, Vq , ^1/2^ ^1/2' ^i'^) LQs fields, respectively. The subscript (0,1/2,1) in each scalar 
and vectorial LQ indicates the singlet, doublet, and triplet SU (2) ^ representation, respectively, 
whereas the r*s are the Pauli matrices. The quark fields g£ ^ are the corresponding conjugate of 
the qL,R fields respectively, where q1ji = {Pl,r(iY- Note that the generation (fiavor) and color 
indices in the fields appearing in Eq.(0) are omitted. As we pointed out in the introduction, we 
assume that all the scalar and vectorial LQ couplings \lq are unitary (in the fiavor space) in 
the basis of the quark and lepton mass eigenstates, and that the LQs do not carry fiavor indices. 
Moreover, since we do not consider the CP violating processes in our analysis, we assume that 
all the couplings are real. 

The relevant (gauge- invariant) effective Hamiltonian for the — >■ 67 decay is given by 

H = —y^ {QlrClr + QrlCrl) , (3) 

where Qlr = (^lO'^uI^'rF^^ and Qrl = eRa^ufiiF^'^ are the magnetic-dipole operators, F'^'^ is 
the electromagnetic field strength, and Clr, Crl are the corresponding Wilson coefficients. 
The Wilson coefficients Clr, Crl receive their main contributions, at the electroweak scale, 
through 1-loop magnetic penguin diagrams shown in Figs.[ld-e]. Since these diagrams are 
proportional to the a^i, form factor, one needs a chirality fiip. In the SM, as the charged 
currents are only of the V-A type, one can get this chirality fiip by means of an external mass 
insertion.0 This imply that the Clr and Crl are proportional to the electron me and muon 
masses, respectively. However in the SM the Wilson coefficients Clr and Crl are strongly 
suppressed by the GIM mechanism which forces them to be proportional to rnl/my^ terms times 
the corresponding CKM angles of the leptonic sector, with being the heaviest neutrino mass 

^In some extensions of the SM, such as the left-right-, the LQs-, and the supersymmetric-models, (where 
the leptons or quarks can have both the left and right couplings to the new particles), this chirality flip can 
be realized by an heavy (internal) ferniion mass insertion which turns out to give a strong chiral enhancement 
respect to the SM amplitude. 
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running in the loop. 

We now consider the LQ contributions to the magnetic penguin diagrams (see Fig. [Id-e]). 
These diagrams receive finite contributions from both the scalar and vectorial LQs interactions 
in Eq.(H). With respect to the SM diagrams, the W and neutrino internal lines are replaced by 
a LQ and quark, respectively, and an additional diagram (where the external photon is attached 
to the internal quark line) is included. The SM GIM suppression terms of order 0(m^/m^) 
are now replaced by ©(mg/mlg) where mj;^Q is a typical LQ mass running in the loop. 
In order to find the constraints on the combination of LQ couplings and masses we impose, 
as in Ref . [|10| , that each individual LQ coupling contribution to the branching ratio does not 
exceed (in absolute value) the experimental upper limit on the branching ratio. Therefore, in 
order to simplify the analysis, we consider in the branching ratio only one single LQ coupling 
contribution each time; this is done by "switching off" all the other couplings. Moreover we 
assume that the LQ masses are larger than the quark ones (including the case of the top quark) 
so that we only take the leading contribution to the Wilson coefficients. 

By means of the lagrangian in Eq.(^ we give in the sequel, the results for the total branching 
ratio /i —>■ 67, where only the contribution of a single LQ coupling is considered. By neglecting 
the terms of order 0{m^/mj^Q) in the Feynman diagrams we obtain 
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(5) 



where 2?^/ = 3aiV^/(647r) and i?s = aiV^/(1927r). A^c = 3 is the number of colors and the 
function p(x) = (11 + 61ogx)/2, Xah = m^/m^, Qu = 2/3, and Qd = —1/3. For the values of 
the LQ charges Qlq the reader is referred to Table Note that the leading term in rn'^/my^ 

expansions in B^^° , B^^° is zero due to the fact that Qd — Qvb/2 = 0. Therefore the non-zero 

LQs contributions to these branching ratios is highly suppressed since they are of the order 
0K/G^<2)_ 

We stress that our findings for the analytical expressions in Eq.@, due to different assumptions 
in the scalar LQ couplings sector, is somewhat different to the corresponding one in Ref.[l^ 



Indeed, in Ref.|p.O||, only the terms at the zero order in the quark mass expansion give the 



leading scalar LQ contribution to ;U — 67. However in our case, when the sum over the quark 
generations is performed, these terms vanish due to the unitarity of the Xlq matrices and 
survive only the next-to- leading ones which are suppressed by terms of order 0{rn?^/m\Q). We 
check that our results are consistent with the analogous calculations obtained, for example, 
from the charged Higgs and supersymmetric contributions to the 6 — > 37 amplitude p3| . 



Since the doublet LQs can have both couplings and Xr (with left and right chiralities, 
respectively) , one can get a chiral enhancement in the fi —>■ ej amplitude by flipping the chirality 
with an internal (heavy) quark mass insertion in contrast with the external muon mass. In this 
case the resulting amplitude has to be proportional to XlXr. However in the present paper we 
do not analyze the constraints on this combination of couplings. Indeed we follow the usual 
approach, (adopted also in Ref. [0), in setting more conservative bounds and, more precisely, 
consider only the effects of the same kind of coupling constant per time while "switching off" 
all the others. 
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In the T sector the corresponding analytical results for the r 67 and t ^ fi^y decays are 
simply obtained by making the following substitutions in the right hand sides (r.h.s.) of the 
branching ratios B^''^{^ 67) in Eqs.@-(H) 

i?H""(T-e7) = Sr(r--/x-^.^.)x5i^'^(/i-e7){A^QAi:Q-A?:QAi:Q}, 
Bl'''{r-.^^^) = 5r(^--/^"^.^.)x5i^'^(/x-e7){A^QAl:Q-Al:QA^4' 

where the electron and muon masses have been neglected with respect to the r mass. The central 
value of the experimental branching ratio for r~ ^'v^v^ is B'^^{t^ ^^v^Vt-) = 17.37% 
PI. 



3 /i ^ 3e decay and ji — e conversion in nuclei 

The most general lepton-family violating (AL = 1) effective Hamiltonian which describes the 
amplitude of the /i ^ 3e decay is 

H^'''^=''> = --^{QLRCLR + QRLCRL + Ci{enfiL){eReL) 

+ C2 (eLfiR) {eieR) + C3 (6^7^/1/?) {cR'y^eR) + C4 {cl'^^^.l) (6x7^6^) 

+ C's (eR'j^fiR) {eLl^ei) + Cq (eL7^/iL) {cR'^^'eR) + h.c.} , (7) 

where Qlr and Qrl are the magnetic-dipole operators defined in Sec. [2] and the chiral fields 
are given by iI)l,r = |(1 -F 75) V'- Iii the LQ model obtained with the Lagrangian (Q), the 
Wilson coefficients of the local four-fermion operators in (|^ get their contributions from the 
photon-penguin, Z-penguins, and the box diagrams (see Fig. [la-c] with / = e and scalar- and 
vectorial-LQs running in the loops together with quarks) .0 In the limit of large LQ masses 
(large compared to the quark ones) the leading contribution to the effective Hamiltonian in (|^) 
is given by the photon-penguin diagrams which affects only the coefficients C3, C4, C5, and Cq. 
Indeed, in the large LQ mass limit, these diagrams are only "mildly" GIM suppressed since they 
are proportional to the A|q log(m^/m|Q)/m|Q; this, in the context of the GIM mechanism, is in 
contrast with the naive expectation of them being of order O^Xf^gmg/mj^Q) and O {Xj^qm'^ / mj^Q) 
which is typical of the Z-penguins and box diagrams respectively. We stress that the appearance 
of the log(m^/m|Q) enhancements is a special property of the gamma-penguin diagrams which 
is independent by any assumption on the unitarity of the LQ couplings. 

In the case of unitary couplings any single diagram of the gamma- or Z-pcnguin type is finite. This is 
because the divergent part, being flavor independent, factorizes out in sum 3 ^'lq^Tq the internal- 

flavor index i and therefore its contribution vanishes for m ^ n. In the case of non-unitary couplings, due to 
the U{1) X SU{2)l Ward identities, only the total sum of the gamma-penguin-diagrams, or analogously the 
Z-penguin ones (including also the diagrams with the self-energy insertions), are finite. On the contrary the 
magnetic-penguin- and box-diagrams (see Figs.[lc-d] respectively) are just finite since their loop integrals are 
convergent. Clearly, in the vectorial sector, the above arguments hold if the vectorial LQs are of the gauge-type 
and acquire mass via spontaneous symmetry breaking. 
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The relevance of these log enhancements in constraining the new physics beyond the SM 



was first analyzed in Ref . JTSl . A more accurate discussion on the origin of these logarithms can 
be found in Ref.|T6[|. Here we want to point out that this mild GIM suppression of the photon- 
penguins, which is also present in the SM, is a peculiar property of the LQ interactions and it is 
not true in general extensions of the SM. For example, in the minimal supersymmetric SM, due 
to the super-GIM mechanism, the photon-penguins mediated by the charged Higgs, gauginos or 
Higgsinos are always GIM suppressed by terms of order 0(mg/m|f;^y), (with msusY standing 



for any typical SUSY mass running in the loops) [Q, . 



Therefore, due to these log enhancements, the — > 3e decay plays a crucial role in setting 
strong constraints on the FC LQs couplings in the AL = 1 processes. The branching ratio 
for this process is proportional to a^/im^QGFY x Xogirriq/mLQ), while the branching ratio of 
the /i ^ 67 decay is proportional to a/^m^gGp)^ x {mq/miQY . Therefore even though in the 
branching ratio of the /i — > 3e decay we pay the price of an extra electromagnetic a coupling, 
with respect to the ej, in the large LQ mass limit the a suppression could dominate the 
fTig/mj^Q term. For this reason we neglect the effects of the magnetic-penguins operators Qlr 
and Qrl in the fi ^ 3e branching ratio. ^ The main contribution to the branching ratio of 



/i ^ 3e is given by 




Br = 21^ + ^ + \C,\'+\C,\' + \C,\' + \C,\\ (8) 



where Ci are defined in Eq.(|7p. Note that the terms suppressed by rrie/m^ have been neglected. 
In addition in obtaining Eq.(^ the total width of the muon was approximated and we used 
instead the width of the main decay fi~ —>■ 1/^6" Ue whose branching ratio is almost 100%. 
Moreover, by following the approach adopted in this analysis, we consider the photon-penguins 
contributions induced by only one LQ couplings and by "switching off" all the others. By 
means of these approximations and by neglecting the terms proportional to the quark masses, 
the expression for the branching ratio in Eq.(|D can be further simplified, since in this case 
we have Ci^2 = 0, C3 = C5 and C4 = Cg. We next give the analytical results relative to the 
branching ratio of /i — ^ 3e mediated by the photon-penguins; (the analogous results in the r 
sector can be obtained by means of a simple generalization): 



• Gauge- Vectorial LQs 

J=l,3 ^Vo 

^ Wc recall that if the Wilson coefficients of the magnetic-penguin operators in are not suppressed then 
their contribution can give sizeable effects to the /i ^ 3e decay Moreover, after the phase space integration, 
some terms (proportional to the magnetic-penguin contributions) get an enhancement of log (m^t/mg) in the 
decay rate because of the pole of the gamma propagator. Therefore, if these diagrams are included then 
the approximation consisting in the neglect of the electron mass, cannot be used. 
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(10) 



where By = a'^ / {dGir'^) and Bs = a"^ / {SSAn'^) . The functions Asy{xt,RLQ) (where 6ij is 
the standard delta function, xt = mf/m'j^Q and Rlq = Qlq/Qu) whose expressions are given 
in appendix, take into account the exact dependence on the top mass mj . Note that in the limit 
lim^jt^o i^syi^t, Rlq)) 0. The results in Eqs. (|9|)- ([T0|) are in agreement with the analogous 
ones obtained in Refs.p3|, p5| for the SUSY corrections to the FCNC processes in the quark 
sector. 

In the T sector the corresponding analytical results for the r — 3e and r — > 3/i decays are 
obtained by making the following substitutions in the r.h.s. of Eqs.(|9|)- (p!oD 

b'^'^ (r ^ 3e) = B^^^ir- ^ f,-u,u^) x 5^^^ (/i ^ 3e) {x'^qX'^q ^ X^X'^q} , 
i?^^"(r-3/.) = i?r(r--/i-^.^.)xi?i^«(/i-3e){A?:QAl:Q-A?:QA?:Q}. (11) 



We now consider the LQ contribution to the /x — e conversion in nuclei |T^-[Q. The most 
general effective Hamiltonian which is relevant for this process is given by 

Hla^r'^ = % {QlrClr + QrlCrl} + (cj^pl) E i<lR<lL) 

q=u,d 

+ {eifiR) E i^L^ln) + ^3 (eL/ifl) E (^lIr) + ^1 i^LfiR) E (^lQr) 

q=u,d q=u,d q=u,d 

+ C^{eRj,fiR) E QA<lRrqR) + C^{eLl,f^L) E ^7^^?^) 

q=u,d q=u,d 

+ C!} {eRj.fiR) E Qg {(iLYqL) + [eLl.fiL) E i<lR^^<lR) + h.c. , (12) 

q=u,d q=u,d 

where in the quark q fields the sum over color indices is assumed and Qq is the quark electric 
charge in the unit of e. Note that for the Wilson coefficients we have used a normalization 
which is different from the one used in (^. In the LQ model the Wilson coefficients of the 
four fermion operators get their contribution at tree level with a LQ exchange. The tree-level 
contributions involve only the products of the LQ couplings A|qA^q, since the operators in 



(|T^) contain only quarks of the first generation. Indeed this process is known to be particularly 
effective for setting strong bounds on this combination of couplings f^, [|lOl. However the 
Wilson coefficients also receive the next-to-leading contributions from the 1-loop diagrams 
induced by the photon-penguins, Z-penguins, and box diagrams (see Fig.[la-c] with f = U,D 
quarks). These next-to- leading contributions involve the products of the A|qA]^q combinations 
with i = 1,2,3; as a result the fi — e conversion process can also give the possibility to set 
constraints on the second and third quark generations.^ In particular, in order to set bounds 

^ In a more recent paper the authors of Ref. stress the importance of the log enhancements, induced 
in the fi — e conversion rate by the photon-penguins, in constraining the supersymmetric R-parity violating 
models. However in these models the tree-level contributions to the /i — e conversion are absent. 
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from the fi — e conversion on the combinations ^lq^lq/''^lq with i = 2,3 
branching ratio is dominated by the 1-loop contributions. This imphes that the product XlqXYq 



we assume that its 

21 \11 



should be neghgible with respect to the products XlqAlq (with i = 2, 3) times electromagnetic 
constant a. This condition does not violate the unitarity of the Xlq matrices since in this case 
one can still have A|qA]^q = — A|qA]^q + 0(A|qA}^q). Now, even though the constraints on 
couplings involving the second and third quark generations are weaker than the corresponding 
ones with the first generation, they should be compared to the same bounds obtained by other 
processes, such as for example the /i — 3e decay. Indeed, as we will show in the next section, the 
bounds on the LQ couplings involving the second and third quark generations, which obtained 
from the current experimental upper limit on the fi — e conversion rate, are stronger than the 
corresponding ones obtained from the fi 3e decay. 

In the large LQ mass limit, the photon-penguin diagrams, due to the log enhancements, 
dominate the other 1-loop diagrams, such as the Z-penguins and box diagrams which are of 
order ©(m^/mlg). Therefore in constraining the LQ couplings involving the second and third 
quark generations we assume that the fi — e conversion is dominated by the photon-conversion 
mechanism In this case only the matrix elements of the hadronic electromagnetic 

current between nuclei are involved. In order to calculate the nuclear form factors connected 
to the electromagnetic matrix elements various models and approximations have been applied 
in literature fl^l'llll- Ref.|jl8|, and more recently in Ref . |ll9[| , the relativistic effects have 
been taken into account. However, due to the large mass of the muon, it is useful to take the 
non- relativistic limit of the motion of the muon in the muonic atom (see Ref.[^ and more 
recently Ref.||2T|]). Indeed, in this limit, the large uncertainty connected to the muon wave 
function factorizes out in the calculation of the coherent conversion rate. In order to estimate 
the LQ contribution to the fi — e conversion in nuclei N (defined as -B/j(/U — e)^ = r(yU 
e N) /r(yU — > Ufj, N')), we use the non-relativistic results of Ref.0]. In the photon-conversion 



mechanism one can set = 0, z = 1, . . . , 4 
and the branching ratio is given by ^0[, ||2^ 



and 



Cg in the Hamiltonian f|l 



Bnifi - e)jv = C- 



capt 



An' 



{\C: 



h\2 I 
5 I "I" 



Q 



h\2 



(13) 



where Fp{q) is the proton nuclear form factor (see Ref.[^] for more details) and Tcapt is the 
total muon capture rate.0 All these quantities depend upon the Titanium element {^Ti) used 
in the current experiment For the Ti the quantities appearing in Eq.(p!3|) take the following 

17.61, 



values 13: C 



1-0, Zjjf 



22, 



-pTi 

capt 



2.59 X 10^ s-\ and F"(g) = 0.55. 



By taking into account only the photon-penguin contributions we see that, respectively, the 
and Cg coefficients are proportional to C3 and Cq in Eq.(|^ by an overall factor. This factor 
is a constant and does not depend upon the particular LQ model considered. This implies 
that the LQ contributions to the branching ratio of the n — e conversion in nuclei, mediated 
by the photon-conversion mechanism, have the same expression of the Eqs.(^-(|l3) and so the 

^ Note that with respect to the corresponding formula of Ref. , we have simphfied the pole of the 



photon propagator (which for this process is of order \q^\ 
factorizes in the photon-penguin form factor. 



with the which, due to the gauge-invariance, 
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bounds extracted from this process can be simply obtained by rescaling the relative bounds 
obtained from the fi 3e decay. In order to obtain the corresponding analytical expressions 
of Eqs.(^-(1C) for the branching ratios of the ^ — e photon-conversion in nuclei the following 
substitution has to be made in the r.h.s of Eqs.(|9|)-(p!oD 

- e)r. = - 3e) (-L ^ ^o^mj^^^ 2 | _ ^^^^ 

I'-^F ^ capt ) 

where, as in the /i ^ 3e case, we make active the effect of one single coupling A lq per time by 
"switching off" all the others. 



4 Numerical results for the bounds 

In this section we present the numerical results for the bounds on the combinations of LQ 
couplings X^Q and masses rriLQ obtained from the /i — 3e, /i — e conversion in Ti, and the 
/i 67. In addition we give the results for the corresponding bounds in the r sector. In setting 
constraints on the product of couplings Xj^qXiQ = 1? 2, 3), in order to simplify our study, we 
use the following approach 

• The tree-level LQ's contribution to the fi—e conversion rate (not mediated by the photon- 
conversion mechanism) contains only the terms A|^qA]^q. This process is used to strongly 
constrain the combinations lA^QAj^Q/ml^gl . 

• In order to set bounds on the LQ couplings involving the second and third generations of 
quarks, we adopt the approximation which neglects A|qA]^q with respect to A|qA]^q and 
A|qA]^q in the one-loop contributions. This approximation can be justified as follows. 
The products of couplings X'lqXlq, i = 2,3 enter only in the one-loop contribution to 
the fi — >• 67, /i — i> 3e decays, and the /i — e conversion. Therefore they could be larger if 
compared with the A|qA]^q ones without violating the experimental upper limits on the 
branching ratios. 

• In this approximation the unitarity of the Xlq matrices implies that: A|qA]^q = — A|qA]^q. 
This condition allows us to eliminate one of the two products of couplings in the one-loop 
contributions and set bounds for the magnitude of the combinations lAlgAj^gl/mlQ or 
lAlgAj^gl/mlQ by means of Eqs.(^-(^, (P)-(|TO|). In order to set bounds in the sector i, 
with i = 2,3, by means of the fi — e conversion one assumes that (for this process) the 
photon-conversion mechanism dominates over the non-photonic one. 

• The same approach is adopted in setting bounds in the r sector. The relevant effec- 
tive Hamiltonians for the r — > 7r°e and r n^fi decays are induced at the tree-level 
and so these processes are used to strongly constrain the variables lAlgAj^gl/mlQ and 
I'^^Q^'iQl/^'LQy respectively. The terms A|qA]^q and A|qA|^q (involving the second and 
third quark generations) enter at one-loop level and therefore, as in the muon sector, we 
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assume that they could be larger than the corresponding ones involving the first gen- 
eration. The bounds on these combinations of couplings are obtained by imposing the 
experimental upper hmits on the r — >• 67, r — 3e, r — /i7, and t ^ 3fi decays. 



In tables P[-P| we present our results for the upper bounds on the following variables 



Clq = I^Iq^'^qI X (lO^GeV/miQ)^ and Clq = ^J\^'^Q^U x (lO^GeV/miQ)^ with z = 1,2,3. 
The constraints on ^j^Q are obtained by using the same approach used in Ref . 0] . In addition, 
by means of the current experimental upper limits on the fi — e conversion rate on Ti which is 
- e)Ti < 6.1 X 10-13 i^, we improve the results of Ref.[|lO|. From tables ||-|| we see 
that the current limits on the fi — e conversion rate can set bounds on C,lq which are at the level 
of C,LQ < O(10~^). Our results for the bounds on ^j^q are in agreement with the corresponding 
ones in Ref.[]TU| except for these cases we have an analytical factor 2 of 

discrepancy with [|lOl. (In particular our expressions for the bounds on ^rv^/^ 
half of the corresponding ones in ||lO|)- However our results are consistent with the effective 
Hamiltonian and the approximation^ used in for calculating the hadronic matrix elements. 

Now we analyze the results in tables 0-0 for the upper bound^ on Clq'^ which come 
from the /i — > 3e decay where the current experimental upper limit on the branching ratio is 
B'j^^{fi 3e) < 10~i^ at 90% CL |^. These bounds are obtained in the approximation of 



large LQ mass limit and so by setting to zero the Ay^s functions in (p|)- (|T(]|) which are of order 
0{m'^/m\Q). Moreover the following values of the quark masses are used: = ISOMeV, 
rric = l.SGeV, mi, = 5GeV, and rrit = 175GeV, these correspond to the central values of the 
allowed ranges |24|. From these results we see that the current upper limits on /i ^ 3e can set 
bounds on which are at the level of < 0(10^^ — 10~^). These constraints are consistent 

with the main approximation used in our analysis which neglects ^j^g with respect to ^ig^^- 
Note that, due to the unitarity of the Xlq matrices, the logarithmic dependence of the LQ 
mass in the right hand side of Eqs.(|9|)- ([l0|) disappears and it is replaced by the logarithmic 
dependence of the corresponding quark masses ratio log {mq2/mq.j) involving only the second 
and third generation. Therefore, due to the logarithmic dependence upon the quark masses in 
Eqs.(P)-(]TO|), the uncertainties which affect the bounds on Clq'^ (from /i 3e) induced by the 
uncertainties on the quark masses, are small and are of the order of 0(10%). 
In order to estimate the reliability of the leading logarithmic approximation when the top mass 
is involved, we plot (see Figs.0-[§]) the absolute values of the functions Ay^si^t, Q) versus the 
LQ mass m^g. These plots have origin in ttilq = 280 GeV which roughly corresponds to the 
exclusion limit obtained at HERA|T4| for LQ masses with couplings of electromagnetic strength. 
From Figs. 11-11 one can conclude that these corrections are smaller than 20% for moderate 
values of the LQ masses, in particular (scalar) nis > 600 GeV and (vectorial) my > 400 
GeV. For the intermediate LQ mass regions, the corrections induced by the Z-penguin and box 
diagrams, which are of order 0{m'^/m'j^Q), become relevant and they should be included in the 

^This approximation mainly consists in assuming that the matrix elements, corresponding to the amplitudes 
fi Ti ~f e Ti and /i Ti Ti' , are comparable. 

^Note that, in our approach, the bounds on ^^£q and turn out to be the same. 
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analysis. In these cases one cannot constrain a single variable combination as the C,lq and this 
results in a complication of the analysis. However the excluded regions in the m^Q and X^qX^q 
plane could be analyzed, for example, by means of contour plots. A complete study for this 
scenario will be presented elsewhere . 

The bounds on Clq'^^ which come from the /i — e photon-conversion, are simply obtained by 
rescaling the corresponding results of — > 3e in tables 0-0 by a constant factor. Clearly 
this factor depends upon the experimental upper limits on the fi — e conversion and /i — 3e 
branching ratios. In particular, by inserting (|l^ into and (p!OD, we get the following results 
for the bounds 

1 

However we stress that, even though the fi ^ 3e process can set (at present) weaker constraints 
than the {fi — e)Ti conversion, the latter is model dependent (due to the determination of the 
nuclear wave functions and form factors) while the former is not. 

In tables for comparison we also give the bounds obtained from the negative searches 

of the fi —>■ e'-f decay where the current experimental upper limit on the branching ratio is 
Br{fi —>■ 67) < 1.2 X 10~^^ at 90% CL |^|. Due to the higher inverse-powers in LQ-mass 



dependence in Eqs.(P-(^), it appears natural to constrain the variables C,lq. From tables 0-0 
we see that the bounds on ^}^q with i = 2,3 are at the level of C,lq < 0(10^'^ — 10^^). In obtaining 
these results the terms proportional to the b quark mass with respect to the top ones have been 
neglected. Moreover in the case of the scalar LQs, in order to simplify the analysis, we replaced 
the function p{x) in Eq.(|^) by its average over the range 600 GeV < miQ < 2000 GeV. For 
some bounds in the fi ^ e^y rows, in particular ^^^^ and ^^y^, in particular we have not shown 

the results (this is indicated by the symbol appearing in the tables 0-@])- The reason 

for not giving these bounds is that, at the amplitude level, there is an accidental cancellation 
of the leading term in the fn'^/m'j^Q expansion (see Eq.(^). Therefore, due to a stronger GIM 
suppression of the next-to- leading contribution, we expect, in these cases, weaker bounds on 
masses and couplings combinations. 

For fixed values of the LQ mass we can compare the bounds on the product of couplings 
-^LQ-^LQ which come from the fi ^ e'-f and /i — >■ 3e decay (or fi — e conversion). In particular, 
from the results in tables pj-^l, one can draw the following conclusions: for a LQ mass m^g ~ 1 
TeV the bounds on the A|qA]^q combinations from /i — 3e are stronger, of roughly one order 
of magnitude, than the corresponding best ones from the — > 67 decay. On the contrary, if 

2 3 

we fix the couplings X£q to be of the order of the electromagnetic strength, the bounds on 
the LQ masses induced by the — > 3e are at the level oi rriLQ < (2 — 8) TeV while the same 
constraints from fi ^ e'-f are niLQ < 200GeV-1.3TeV. In this respect one can argue that the 
bounds obtained from fi ^ e'-f are weaker than in /i — > 3e or [fi — e)Ti- Clearly the difference 
between these constraints becomes more noticeable in line with the increase of the LQ masses. 

Now we compare the results in tables with the corresponding best bounds on ^\^q 

obtained by other processes. From the analysis of Ref. we learn that the hadron-lepton 
universality and the ratio R = r(7r"'" — ez/)/r('7r"^ ftu) can set severe constraints on the 
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'^LQ'^LQ/'^^iQ variables involving the first quark generation. This is because the LQs con- 
tribute at tree-level to the neutron (3 decay, as well as to the 7r+ ev and -k^ fiu, but only 
via box diagrams at — > euu. Then the bounds coming from the hadron-lepton universal- 
ity are obtained by requiring that the Fermi constant in the neutron f3 decay does not differ 
significantly from the muon decay measurement. These bounds are much weaker than the cor- 
responding ones set by the fi — e conversion, roughly between three and four order of magnitude 
weaker. Analogous conclusions hold for the bounds coming from the ratio R. However the R 
measurement is particularly effective in constraining the product of couplings with different 
chiralities (this special case is not considered in our analysis since it involves the product of 
two different couplings) at the level of XHftXRight < lO~%mLQ/ilOO GeV))^ [|10|. 
In the K and tt meson sector, there are no processes, induced by tree-level LQ exchanges, 
which could strongly constrain the A|qA]^q products [|Ty]. This is not true anymore in the r] 
meson sector. Indeed the r] ^ fie decay, due to the ss quarks content of r], gets a tree-level LQ 
contribution containing the A|qA^q product. However we estimated that the bounds on ^fg 
obtained by means of the experimental upper limit on the 77 — *• /xe branching ratio (which is of 
order O(10~^) [^) are of order 0(1) in the same unity of tables [0-^. So they are much weaker 
than the corresponding ones in tables 0-^. Analogous conclusions hold for the bounds on ^£q. 
In particular we have not found any competitive process (with respect to ;U — e conversion or 
H — 3e) which can set better or comparable constraints on the variables. 



In tables we give the results for the corresponding bounds in the r sector. In this case 

two new variables ^1% = |A|:qA|:q| x {10^ GeV /tjilq)' and ^lq = IX'^LQ^tgl x {lO^GeV/mLQf 
(and analogous generalizations of the C,\^q variables, introduced in the sector, like and 
^^q) are defined. The and are more strongly constrained by the processes r n^e and 
r — > 7r°/i whose effective Hamiltonians are induced at tree-level by the LQs. In particular 
for a four-fermion vertex of the form 



\31 \ll 



m 



LQ 



(16) 



one obtains^ [|10[ 



ei^Q < 2V2{Gf X (lO^GeV)^) cos Or 



T^exp 



(r 



\B 



exp / _ 



vr 



0/- 



TT V] 



(17) 



where qi = U,D quarks, 9c is the Cabibbo angle, I = e, /i, and the central values of the 



experimental branching ratio is B'j^^{t —>■ tt u) = 11.08% The bounds in the i = 2,3 



sectors can be simply obtained by rescaling the corresponding ones in the fi sector in tables 
P by means of the Eqs.(|),(|lT]). In obtaining these bounds the following experimental upper 
limits at 90% CL have been used 



B 



exp , 



T 



7r°e) 



< 3.7 X 10"^ B 



exp. 



T 



B 



exp, 
R ' 



r 



^ vrV) < 4 X 10-^ 
< 2.7 X 10-^ and 

fij) < 3.0 X 10~^. Due to a much lower experimental sensitivity in the r branching 



B^j^^ir ^ 3e) < 2.9 x lO'^, ^^"^(r ^ 3/i) < 1.9 x lO^^, 5^"^(r ^ 67) 



^ In obtaining the Eq.(|l7|) the following approximations for the matrix elements have been used ||T^ 
(0|u7''75u|7r0) ~ (0|d7''75d|7r0) ~ (0|(i7''75u|7r+). 
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ratios, we see that the bounds in tables 0-0 are between three and four order of magnitude 
weaker than the corresponding ones in the fi sector. 

We discuss now the improvements of the LQ bounds in the muon sector which could be 
reached at the present and fut ure muon exper iments. In this respect it is convenient to introduce 
the improvement factor B = y^BR^^^^ /BR^ut where BR^^^^ and BR^Jj^ are the current and future 
upper limits on the branching ratios, respectively. In the /i — 67 sector the new bounds are 
obtained by dividing the current ones by a/B while in the /i — 3e or — e conversion they 
should be divided by B. In the sector of the experimental searches for /i"*" e"'"7 it seems 
feasible, by using polarized muons (which are useful for suppressing the backgrounds |3^), to 
reach the sensitivity of about 10~^^ on the branching ratio This is converted into an 



improvement factor \/B ~ 8 for the bounds from /x — *• 67. The final analysis of the current 



SINDRUM II experiment at Paul Scherrer Institute (PSI) on the n — e conversion will 
reach a sensitivity of 10~^^ on the branching ratio. This will give an improvement factor i? ~ 8 
in the new bounds from the fi — e conversion. 



A recent proposal for the /i — e conversion experiment (MECO) ||3^ at Brookhaven National 
Laboratory (BNL) will permit a sensitivity on the branching ratio better than 10^^^. This 
sensitivity is translated into an improvement factor i? ^ 80 for the LQ bounds from the fi — e 
conversion. In the context of the /x — 3e decay (apparently) there is not any proposal, at the 
present and future muon facilities machines, for improving the sensitivity on this branching 
ratio. 



5 Conclusions 

In this article we perform a model independent analysis so as to constrain the LQs models [B 
and L conserving) in the sector of rare PC leptonic processes; this is done by means of the 
/X 67, /X — >• 3e decays (and analogous decays in the r sector) and the fi — e conversion in 
nuclei. In our analysis we assume that the LQ couplings A^g (where k and qj indicate the 
generation numbers of lepton and quarks respectively) are unitary and real matrices. In order 
to set bounds on the LQ couplings and masses we find it convenient to introduce the following 
variables: Clq = \>^lq^lq\ x (lO'GeV /mLQ)' in the sector, = \>^lq>^lq\ x (lO'GeV /mLQ)' 
and ^LQ = \><'lq>^lq\ x {lO^GeV /niLQ)^ in the r one. 

The fi — e conversion in nuclei, as shown in [1^, is the best process for constraining the PC 



leptoquark couplings involving the first generation of quarks, namely the ^j^g, this is because 
the relevant effective Hamiltonian is induced at tree-level. The couplings involving the second 
and third quark generations can also be constrained by means of the one-loop contributions 
to the fi — i> 67, fi ^ 3e decays, and the fi — e conversion in nuclei. We show that the 
best of these processes where to strongly constrain the variables C,lq cire the ^ 36 and 
the {fi — e)Ti- On the contrary the fi ^ e'y decay can set much weaker constraints. This is 
because the former receive large logarithms (log (mg/mig)) enhancements at the amplitude 
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level while the latter does not. In particular the /i — > 3e decay and /i — e conversion in nuclei 
(mediated by the photon-conversion mechanism) get the leading contributions from the so called 
photon-penguin diagrams which, in the large LQ mass limit, are proportional to Alg/m^Q x 
log {mg/rriLQ). On the other hand the amplitude of the /z — > 67 is proportional (in the large 
LQ mass limit) to Algmg/ml^g. The same considerations regarding the log enhancements hold 
for the corresponding processes in the r sector. 



The log enhancements in the photon-penguins are known in the literature |15|-|T^, but they 



have not been applied in this context. In particular in the analysis of Ref. ||T0|| these diagrams 
were not taken into account. As a consequence, in Ref.|jTO|, the /i — 3e branching ratio has 
been by far underestimated. Moreover in Ref. [p!0| the scalar LQ couplings were not assumed to 
be unitary, thus allowing for large scalar LQ contributions to the — 67 branching ratio. 
The complete list of the bounds which we establish can be found in tables 0-0 in both the n 
and r sectors. We next briefly outline the general trend of our results and describe the impact 
of the future experimental sensitivities on the muon branching ratios on our bounds. 



The best constraints on all the ^}^q variables that we establish come from the current 
experimental upper limit on the {^ — ejn branching ratio In particular, in both scalar 
and vectorial LQ sectors, the strongest bounds on are at the level of < 10"^ while 
the strongest bounds on are weaker and are at the level of < 10~^. The current 
experimental upper limits on the /i ^ 3e decay can also set strong constraints on the 
variables, however they are roughly a factor 5 weaker with respect to the corresponding 
ones in /i — e sector. 

The bounds obtained from the fi ^ 3e decay can be calculated with high accuracy in 
perturbation theory, whereas the corresponding ones from the /i — e conversion in nuclei 
suffer from the problem of model dependent calculations in the nuclear sector. 



Because of a lower sensitivity in the r experimental branching ratios pj], the bounds 
obtained from the rare r decays are roughly four order of magnitude weaker than the 
bounds in the /i sector. In particular the best bounds on and are at the level 

TT^e and r — n^fi, respectively. The best 



of ^i^Q < 10 and are set by the decays r 

bounds on Clq ^^^^ ^lq 
are at the level of 0(10^^ 



^^"^'^^ and ^in'^^ come from the r 



3e and t ^ 3fi decays respectively, and 



Ultimately the current experiment on the {n — e)Ti conversion at PSI |^-|^ will reach a 
sensitivity on the branching ratio that will enable us to improve the bounds in tables 0- 
[0] by a factor ~ 8. However a new proposal (called MECO) for the (/i — e)Tj conversion at 
BNL [Q, could reach a sensitivity on the branching ratio that will considerably improve 
the bounds in tables M-M by a factor ~ 80. 
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Appendix 

We here give the analytical expressions for the functions Asy{xt, Q) which appear in the 
branching ratios in Eqs.(H)-(|), where Xt = mf/rnj^Q and Q can he Q = Rlq or Q = —Rlq, 
with Rlq = Qlq/Qu- In Eqs.(|)-(|) the depend ence by Q take only two values, namely 
Q = (1/2,-5/2). These functions, which are of order 0{x), take into account the exact 
dependence on the top mass in the photon-penguin diagrams and give the percentage difference 
between the leading logarithm approximation (which consists in neglecting the terms of order 
0{xt) with respect to log(xt)) and the exact result. Their expressions are given by 



In order to estimate the reliability of the leading log approximation, in figures 0-0 we plot the 
absolute values of above functions versus the leptoquark mass in both the scalar and vectorial 
cases. 



Av{x,Q) 



As{x,Q) 



X (-18 + llx + x^ + g(-12 - X + 7x^)) 

8(1 — x)^ log (x) 
x^ (15 - 16a; + Ax^ + Q(12 - lOx + x^)) 
4(x - 1)4 

X (-19 + 41a; - IQx^ + Q{-1 + 5x + 2x^ 

12(a; - 1)3 log (a;) 
X (-5 + 12x +iQ- 8)x2 + 2x^) 
2(x- 1)4 ■ 



)) 



(18) 
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LQ 


Qlq 


So 


-1/3 
-4/3 




(-2/3, -5/3) 


{^1/2 ) ^1/2) 


(1/3, -2/3) 


(Si , sj , Sf) 


(-4/3,2/3,-1/3) 


Vo 
Vo 


-2/3 
-5/3 




(-1/3,-4/3) 




(2/3, -1/3) 




(1/3, -2/3, -5/3) 



Table 1: Electromagnetic charges of the scalar (S) and vectorial (V) LQs in unit of e. 



Vector 


i 








(/^ - e)ri 


1 


2.6 X 10-^ 


2.6 X 10-^ 


2.6 X 10-^ 


(/i - e)Ti 


2,3 


1.5 X 10-^ 


1.5 X 10-^ 


4.6 X 10-6 


/i — > 3e 


2,3 


8.0 X 10-^ 


8.0 X 10-^ 


2.5 X 10-^ 


fi c- 


2.3 






1.7 X 10-3 
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(/U - e)Ti 
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5.2 X 10-^ 


5.2 X 10-^ 


5.2 X 10-^ 


{ji - e)Ti 


2,3 


9.2 X 10-6 


9.2 X 10-6 


3.0 X 10-5 


fi ^ 3e 


2,3 


5.0 X 10^^ 


5.0 X 10-'"' 


1.6 X 10-^ 




2,3 


2.3 X 10-3 


2.3 X 10-3 


4.5 X 10-2 



Table 2: Numerical upper bounds for the vectorial and scalar SU (2) L~singlet-LQ variables (,\^q = 
\^'lq^lq\ ^ (lO^GeV/m/^Q)^ < (Clq)^ obtained from the experimental upper limits on the (^u — e)Ti 
conversion rate and fi ^ 3e decay. In the fi ^ rows the variables which are constrained are S.'^q = 

\/\'^'lq^lq\ ^ (lO^GcV/mLQ)^ < (Clq)^ ■ Note that the symbol stands for weaker constraints, 

see the text. Everywhere {^\q)^ = {^lq)^ ■ 
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o X/ 1 n— 7 
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i.O X iU 
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Q 
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2.9 X 10-3 
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Scalar 


i 










{fi - e)Ti 
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5.2 X 10-^ 


2.6 X 10-^ 


5.2 X 10-^ 


1.7 X 10-^ 


{fi - e)Ti 


2,3 


9.2 X 10-6 


1.3 X 10-5 


3.0 X 10-5 
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|U 3e 
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1.7 X 10-3 


1.7 X 10-3 


5.1 X 10-2 


2.3 X 10-3 



Table 3: Numerical bounds as in Table ||2j which here are relative to the SU {2) l~ doublet- and 
SU{2)L-vector-Lqs. 
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Table 4: Numerical upper bounds for the vectorial and scalar SU (2) Lsinglet-LQ variables = 

\>^lq>^lq\ X (102GeV/mLQ)' < {CI'q)'' and ^^^^ = {X^jigXl^Ql x {W'GeV/mLQf < (Cq)'' obtained 
from the experimental upper limits on the r — 7r°e, r — ^ 3e and r — ^ 7r°/x, r — ^ 3//, rcspc}c(ivcly. 
In the r — 67 and r — /i7 rows, the variables which are constrained are = y^|A|*qA^q| x 

(l02GeV/mLQ)' < and If^ = ^^A^Agj x (102GeV/miQ)' < (^f,^)^, respectively. Note 

that the symbol stands for weaker constraints, see the text. Everywhere = (^lq)^ and 
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Figure 1: The photon (7)- and Z-penguin (a)-(b) and the box (c) diagrams for the fi eff process, 

and the magnetic-penguin (d)-(c) diagrams for the /i 67 process, in the LQ model, where /, q, 
and X indicate a general external fermion, quarks and LQs respectively. In addition to (a)-(b) there 
are also the diagrams with the self-energy insertions (not included in this figure), where the 7 or Z is 
attached on the external e and /x, which contribute to the /x — ^ eff amplitude. 
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